Effects of various gustatory stimulants upon the olfactory epithelia were examined in the olfactory bulb of the bullfrog and the carp.
1.
The It has generally been supposed that olfaction in terrestrial animals is elicited by chemical molecules in vapor and gustation by chemical molecules in water . Thus, one is apt to think that the two sensations are clearly different. However , is this supposition correct?
As to olfaction, HASLER (1957) stated: "A smellable substance must pass into solution on the mucous film to be perceived by a terrestrial vertebrate; therefore, the view most generally accepted is that olfaction in all animals is aquatic in the final sense." In fact, odorous chemicals dissolved in water become stimuli for olfactory receptor cells in fish. Consequently, in both olfaction and gustation of terrestrial animal and fish, chemical molecules must be dissolved in solutions in order to stimulate the receptive membranes. Therefore, it is a common phenomenon in the olfaction and gustation of all animals that chemical molecules dissolved in liquid become stimuli for the receptive membranes. If this is the case, it is presumed that the receptor cells of the olfactory and gustatory organs are of the same or similar qualities and that the olfactory cell of terrestrial animals, for instance the frog, and the same cell of aquatic animals, for instance the carp, may show the same or similar responses to the same stimuli. Then, is there practically no difference in responses to chemical stimuli between the olfactory receptor cells of the frog and those of the carp?
The objective of the present research is to answer the above questions. Since the gustatory functions of the frog and the carp have extensively been studied by many investigators, the gustatory stimuli used in their investigations are largely employed in the present studies on the olfactory epithelia. The results thus obtained will be analysed and compared with the data on the gustatory receptors. In order to examine the effect of temperature, isotonic sucrose solutions were cooled or warmed and were then applied to the epithelia at room temperatures.
To examine the effects of mechanical stimulation, the surface of the olfactory epithelium was lightly scratched with the end of a small elongated piece of cotton wool, or puffs of purified air were blown across it by means of a syringe.
RESULTS
(1) Stimulation with sweet solutions An isotonic sucrose solution was diluted with distilled water and a series of sucrose solutions with concentrations of 2-1 to 2-8 of 6% were prepared. A sucrose solution with a concentration of twice the isotonicity (12%) was also prepared. When these solutions were applied to the olfactory epithelia of the bullfrog ( Fig. 1 ) and the carp, none of them was found to be effective as stimuli. These results also proved that the osmotic pressure itself does not become a stimulus for the olfactory epithelium. Saccharin, dulcin, lead acetate, glucose and fructose solutions were also found to be ineffective (Fig. 2) . Consequently, it was concluded that the olfactory epithelia of the bullfrog and the carp do not respond to chemicals that taste sweet to humans.
(2) Stimulation with salty solutions HARA and GORBMAN (1967) and HARA (1967) in the goldfish and UEKI and DOMINO (1961) in the dog proved that sodium chloride solutions of isotonic or other concentrations stimulate the olfactory receptor organ. Consequently, sodium chloride solutions with concentrations of 2-1 to 2-11 M were prepared. When the solutions of 2-1 to 2-3 M were applied to the olfactory epithelium of the bullfrog, remarkable rhythmic waves were elicited immediately in the olfactory bulb (Fig. 3 ). They were designated "the initial response." Next, when the solutions of 2-4 to 2-5 m were applied, the initial response decreased in magnitude and nearly disappeared. However, when the solutions of lower concentrations (10-7 to 10-10 M) were applied, rhythmic waves again appeared, but this time with long latencies (Fig. 3 ). They were designated "the delayed response." The solutions with concentrations lower than the above either did not elicit a response at all or elicited a response which could not be differentiated from the "water response," as will be shown later in (11). The two kinds of responses to sodium salts were already reported by KONISHI (1966 KONISHI ( , 1967 in the palatal organ of the fish. When his results were compared with ours, it was found that the two re-sponses in the fish are elicited at concentrations akin to those which produce the two kinds of responses in the bullfrog olfactory epithelium . When NaCl solutions were applied to the olfactory epithelium of the carp, they elicited the initial response at concentrations of 2-1 to 2-6 (Fig. 4) . In many of our cases, however, at the lower concentrations, absolutely no response was observed, although SATOU (1971) found a positive response at the lower concentrations. Besides, in other cases, even a decrease in magnitude of the intrinsic wave was found at concentrations of 2-10 to 2-12 (a "negative" delayed response). Tap. J. Physiol.
(4) Stimulation with acid solutions (a) Relation between acidity and response. By adding hydrochloric acid to the isotonic sucrose solution, a series of solutions with pH 6 to 1 were prepared. When these solutions were applied to the olfactory epithelia of the bullfrog (Fig. 6 ) and the carp successively in the order from pH 6 to 1 and with enough pauses, Fig. 6 . Effects of pH.
A series of isotonic sucrose solutions with pH from 2 to 12 were applied to the olfactory epithelium of the bullfrog. Remarkable rhythmic waves were induced by solutions with pH 2 and 12. A minor effect was found in the case of pH 3. a slight rhythmic wave was induced at pH 3, and became more marked at pH 2. The olfactory epithelia responded also to acetic acid of pH 4, but acetic acid of pH 3 or less produced a destructive effect. Thus, it is clear that the olfactory receptor cells respond to acid solutions, although only at considerably high acidity.
(b) Responses to various kinds of acids. KURIHARA and BEIDLER (1969) compared the strength of acidity of five inorganic and organic acids at pH 3 in human subjects, and found that the acidity decreased in the following order: acetic acid > formic acid > lactic acid > oxalic acid > hydrochloric acid. BEIDLER (1967) found the same relation in electrophysiological experiments on the taste receptors of the rat. Similarly, HIDAKA et al. (1975) showed the predominant effects of several organic acids over HCl in the snout chemoreceptors of the puffer, Fugu pardalis. On the other hand, SATO and AKAIKE (1975) compared the responses of the taste cell in the frog at an equimolar concentration, and found a different order: lactic acid > hydrochloric acid=acetic acid.
In the present experiment, the magnitudes of the rhythmic waves induced by the acid solutions were compared at pH=3.
The responses of the olfactory bulb of the bullfrog decreased in the same order as in the human and the rat, but in a different order from the one in the responses of the frog gustatory organ.
The same experiment was repeated in the carp. Among the five acid solutions, the largest response was obtained with formic acid in two cases. In the other three cases, however, a response only to acetic, hydrochloric and oxalic acids was found, but no response to formic and other acids occurred. Consequently, no consistency in the stimulating effectiveness was found among the responses to the five acids in the carp. In this respect, the olfactory cell of the carp is different from that of the bullfrog.
Responses to the four fatty acids were compared in the chemoreceptor of the barbels of the catfish, Ameiurus melas (TATEDA, 1966) and in the palatal organ of the carp (Hidaka, unpublished) . It was found that the responses tended to increase in magnitude with an increasing number of carbon atoms: acetic acid propionic acid < butyric acid < valeric acid. According to TATEDA (1966) , however, this relation was not always constant, but partly varied, depending upon the acidity. For instance, when they were applied at the vicinity of pH 4, the relation was acetic acid < butyric acid < propionic acid < valeric acid. The same relation, in its entirety, was found among the responses to these acids in the olfactory epithelia of eight bullfrogs and five carps. Consequently, it is clear that there exist the same characteristics to these fatty acids in the olfactory receptor cells of the two animals as those found in the palatal organ of the carp and the barbels of the catfish. It is interesting that in the carp the olfactory epithelium and the palatal organ have the same characteristics at least to the acids, although the two receptors respond differently to other kinds of stimuli.
On the other hand, in the toad, Bufo vulgaris Japonica, the responses of the tongue to these acids decreased in magnitude with the increasing number of the carbon atoms (TATEDA, 1966) . It is not known what kind of biological significance these differences may have.
(c) Responses to salts versus responses to acids. BEIDLER et al. (1955) compared the responses to salts (0.1 M NaCl or 0.5 M NH4Cl) with those to an acid (0.01 M HCl) in the chorda tympani of some carnivores (cat and dog) and rodents (rat, hamster, guinea pig, and rabbit). APPELBERG (1958) , who used 1 M NaCl and 0.2 M acetic acid, and YAMADA (1966, 1967) , who used 0.5-1 M NaCl and 0.005-0.01 M HCl, found the same results in the glossopharyngeal nerve of the cat, rabbit and rat as those found by BEIDLER et al. (1955) . The results were as follows:
Responses to salty stimulus/ Responses to acid stimulus>1.0
On the other hand, Hidaka (unpublished data) applied 0.5 M NaCl and 0.0025 M HCl on the palatal organ of the carp and obtained a different result:
Responses to salty stimulus/ Responses to acid stimulus <1.0
In the present experiment, the olfactory epithelia of the bullfrog and the carp responded remarkably to NaCl solutions with concentrations beyond 0 .1 while they did not respond to acid solutions used by BEIDLER et al. (1955) , APPEL-BERG (1958) , YAMADA (1966 YAMADA ( , 1967 and Hidaka (unpublished data) . Consequently, the above ratio was found to be larger than 1.0 in the olfactory epithelia of the two animal species. Thus, the same result was found as in the carnivores and rodents . Consequently, the ratio in the palatal organ turned out to be opposite to the one in the olfactory organ of the carp. This difference may be useful for differentiation of the salty taste from the sour taste in the carp . In the present stage of our research, however, the real biological meaning of this difference is again open to question.
(5) Stimulation with alkaline solutions A series of five alkaline solutions, from pH 8 to 12, were prepared by adding NaOH to the isotonic sucrose solution. In the olfactory epithelium of the bullfrog, no response was found at pH 8 to 10, but a small response was obtained at pH 11, and a remarkable one was observed at pH 12 (Fig. 6) . On the other hand, marked responses to the solutions of pH 9 or 10 were already found in the olfactory epithelium of the carp.
In this respect, a small difference was found between the olfactory responses of the bullfrog and the carp.
(6) Responses to mixed solutions of an acid or an alkali with NaCl
In the palatal organ, HIDAKA (1970 HIDAKA ( , 1972 found in the carp that the responses to combined solutions of acid and salt were larger than the algebraic sum of responses to the acid and to the salt. Such an enhancing effect was also found in the puffer (HIDAKA et al., 1975) .
The same experiment was performed in the olfactory epithelium of the carp . First, a 0.05 M NaCl solution prepared as a control was applied and it was found that it has a very weak stimulative effect (Figs. 3 and 7) . A series of isotonic sucrose solutions containing HCl of 0.01 M (pH 2.5), 0.025 M (pH 2 .1), 0.05 M (pH 1.8) and 0.1 M (pH 1.6), respectively, were also prepared as controls. It was again assured that these strong acid solutions elicited marked responses . Next, by adding 0.05 M NaCl to each of these acid solutions, a series of HCl-NaCl solutions were prepared. When these HCl-NaCl solutions were applied to the olfactory epithelium, the results were in contrast to the findings by HIDAKA et al . (1975) (Fig. 7) : the responses to the HCl-NaCl solutions became smaller than the algebraic sum of the responses to HCl solutions and those to NaCl solutions (reducing effect) .
Similarly, two series of NaOH solutions with pH 9 (0 .0025 M), 10 (0.005 M), 11 (0.025 M), and 12 (0.05 M) were prepared, and to one of them , 0.05 M NaCl was [NaCl+HCl] and [NaCl+NaOH] mean the effects of combined solutions of NaCl and HCl or NaOH.
Dotted lines indicate the magnitudes of the responses elicited separately by HCl or NaOH of respective pH. In the acid side, combined solutions elicited larger responses than the algebraic sums in the bullfrog (diagram in the inset), while they produced smaller ones than the sums in the carp. In the alkali side, combined solutions elicited larger responses than the algebraic sums in the carp, while no fixed relation was observed in the bullfrog.
added. When these two series of alkaline solutions were applied to the olfactory epithelium of the carp, the responses to the NaOH-NaCl solutions became bigger than the algebraic sum of the responses to NaOH solutions and those to NaCl solutions (enhancing effect).
The same experiment was repeated in the olfactory epithelium of the bullfrog. When a 0.05 M NaCl solution containing 0.01 M HCl was applied, the stimulative effect was not different from the algebraic sum of the individual responses to HCl and NaCl solutions. However, when the 0.025 M or stronger HCl-NaCl solutions were applied, the responses became bigger than the algebraic sum of the individual responses to HCl and NaCl solutions (inset in Fig. 7) . Thus, an enhancing effect was also observed in the olfactory epithelium of the bullfrog. When the effective concentrations were compared, it was found that the concentration of HCl which produced such an effect was higher by one place in the olfactory organ of the bullfrog than in the palatal organ of the carp.
When the two series of NaOH solutions were applied to the olfactory epithelium of the bullfrog, no difference was found between the responses to them. In this point, a difference was again found between the qualities of the olfactory epithelia of the two animals. (9) Stimulation with carbonated water The palatal organ, the gill, lip and facial chemoreceptors of the carp respond to a carbonated water (KONISHI et al., 1969) . Also the salty and acid taste receptors as well as the cold receptor of the rat and the cat are stimulated by a carbonated water (KAWAMURA and ADACHI, 1967) .
A carbonated water was applied to the olfactory epithelia of the bullfrog and the carp, but no response was found in the olfactory bulbs. In this respect, the olfactory receptors of the two animal species are homologous, but different from the taste receptor.
(10) Mechanical stimulation By scratching the surface of the olfactory epithelium with an end of a small elongated piece of cotton wool, the effect of mechanical stimulation was observed. In the bullfrog, no response was found in the olfactory bulb, but in the carp remarkable responses were observed. This finding in the carp coincided well with those in the olfactory bulbs of the Amiurus (ADRIAN and LUDWIG, 1938) , and of the Ictalurus catus et melas by BOUDREAU (1962) and those in the snout receptors of the carp (KONISHI and ZOTTERMAN, 1961; KONISHI and HIDAKA, 1967) and the puffer (HIDAKA et al., 1975) .
Next, purified air was blown in puffs onto the olfactory epithelium. In the bullfrog, remarkable responses appeared in the olfactory bulb, but not in the carp.
As will be shown later , the olfactory epithelium of the carp does not respond to odorous air. Thus, a clear difference in the receptivity of the olfactory epithelia to mechanical and odorous stimuli was found between the bullfrog and the carp.
(11) Discrimination of various kinds of waters When distilled water was dripped on the olfactory epithelium of the bullfrog, very active rhythmic waves appeared after a considerable delay and continued for some time (Fig. 9) . The same phenomena were found , when tap water, well water or water from a stainless steel tank in which the carps had been kept for many days was applied.
Judging from the fact that any quantitative and qualitative difference was observed among those remarkable waves induced by various kinds of waters, it seems that the waves induced by the waters are the "water responses"
which are well known in the taste receptive organs of many animals , fishes and insects (see DISCUSSION (6)). When distilled, tap and well waters were applied on the olfactory opithelium of the carp, however, no induced wave was found in the olfactory bulb. Only when water from the tank with carps in it was applied, a specific response was observed (Fig. 9) . It is well known that a fish excretes a special substance "pheromone" into the environment and the other fishes by smelling it, can know whether the fish is a comrade, an unharmful fish or an enemy (ATEMA et al., 1969 ; DOVING et al., 1974; KLEEREKOPER and MOGENSEN, 1963; SUZUKI and TUCKER, 1971 , see also DISCUSSION (4)). Since a water from the same stainless steel tank without a carp did not elicit such a response, it is very probable that the special response elicited by the tank water is due to such a substance in the water.
DISCUSSION
The present experiments showed that there exist many similarities and dissimilarities between the olfactory epithelia of the bullfrog and the carp and between the olfactory receptors and the gustatory ones. They are discussed from viewpoints of comparative physiology.
(1) Sensitivity to sweet stimuli. It was made clear from the present experiments that the olfactory epithelium does not respond to sucrose and other sweettasting substances. Consequently, it seemed to indicate that the olfactory receptor is entirely different from the gustatory one. In fact, the gustatory receptors of many vertebrates responded to sucrose. Responses to other sweet-tasting solutions were also found in a few animals (SATO and KUSANO, 1960) . Also chemoreceptors in the palatal organ, barbels and pelvic fins of some fishes respond to sweet-tasting solutions, although the other chemoreceptors in some other fishes do not (KONISHI and ZOTTERMAN, 1963; TATEDA, 1961 TATEDA, , 1964 HIDAKA et al., 1975; BARDACH et al., 1967; KATSUKI and HASHIMOTO, 1969) .
It has been shown by a number of investigations that a part of the gustatory fibers in vertebrates responds to sweet-tasting substances but the remaining many fibers do not. Consequently, whether or not the receptor cells can respond to sweet substances can be attributed to the property of the receptive membrane. DASTOLI and PRICE (1966) , PRICE (1969 ) and HIJI et al. (1968 , 1971 indicated that the existence of a sweet-sensitive protein in the receptive membrane is essential for the reception of the sweet stimuli. Hence, it may be said that such a protein is deficient in the olfactory receptor cells of the bullfrog and the carp.
(2) Sensitivity to bitter stimuli. AKAIKE and SATO (1976) showed in the frog that the threshold of the taste cells to quinine is far lower than the ones for caffeine and urea. In the present experiments, however, the olfactory epithelium of the bullfrog showed that the thresholds to caffeine and urea are lower than the one to quinine. Since the olfactory epithelium of the frog in normal life is not stimulated by these bitter-tasting substances, the biological meaning of this opposite relatively weak concentrations were added to HCl solutions of pH below 3. In the present experiment, similar Na-dependent receptors for HCl were found in the olfactory epithelia of the bullfrog and the carp (Fig. 7) . It is interesting that almost an opposite result was found between the bullfrog and the carp and between the palatal organ and the olfactory epithelium of the carp. Thus, the enhancing effect found in the olfactory epithelium of the bullfrog resembles the effect in the palatal chemoreceptor of the carp, while the reducing effect found in the olfactory epithelium of the carp resembles the effects in the chemoreceptors of the blowfly and in the tongue of the rat. An opposite effect found in the responses of the carp between the acidic and alkaline solutions may play an important role in the discrimination of NaCl of low concentrations.
(5) Responses to amino acids. KLEEREKOPER and MOGENSEN (1963) applied water from a cistern in which trouts had been swimming into a tank in which lampreys, Petromyzon marinus, were swimming, when the latter fishes became active. KLEEREKOPER (1967 KLEEREKOPER ( , 1969 examined the water and found it to contain amino acids and amines, among which L-isoleucine methyl ester has the strongest attractant effect. KONISHI and ZOTTERMAN (1963) found that the human saliva is an effective stimulus to the palatal organ of the carp, indicating that one of the active components is an amino acid. HIDAKA et al. (1975) showed that among many amino acids, only L-alanine, L-glycine and L-proline are effective as stimuli to the external gustatory organ of the Fugu pardalis, while SUTTERLIN and SUTTERLIN (1970) reported that only proline among the above four is an effective stimulus to the palatal organ of the Atlantic salmons, Salmo salar.
On the other hand, electrophysiological studies also have shown that the olfactory epithelium of the fish responds to amino acids : SHIBUYA (1960) strongly suggested it by recording the EOGS in the olfactory epithelia of the carp, catfish, Parasilurus asotus, the eel, Anguilla japonica, the mudfish, Misgurnus anguillicaudatus, Channa argus and the lamprey, Entosphenus japonicus, when the extract of the silkworm pupae was applied. SUTTERLIN and SUTTERLIN (1971) recorded the electrical responses to various amino acids of the olfactory epithelium and bulb of the Atlantic salmon. SUZUKI and TUCKER (1971, 1972) applied 23 kinds of amino acids to the olfactory epithelium of the white catfish, Ictarulus catus Linn, and found that the following 6 amino acids have strong stimulating actions in the following order : L-glutamine <L-methionine < L-alanine < L-asparagine < Dmethionine < L-cysteine. They also found that their threshold concentrations are 10-8 or 10-7 M. SUZUKI (1973) conditioned the Carassius auratus by olfaction and found that the threshold concentrations of L-glutamine, L-methionine, Lalanine, L-serine and L-asparagine are 10-8-10-7 M. Also, he showed that the amino acids which stimulate the gustatory receptors may be different from those which stimulate the olfactory receptors.
From these data, it had been presumed that the olfactory epithelium of the carp also remarkably responds to amino acids. To our surprise, the olfactory epithelium of the carp was found to remarkably and consistently respond only to 115 mm betaine and 115 mm L-aspartic acid among the 18 amino acids of three different concentrations in our experiments. This was the finding which could not entirely be anticipated from the behavioral studies on the Carassius auratus and other fishes. Since the carp and the Carassius auratus are similar in species, it is a subject for future research why such a discrepancy occurred between the results of the behavioral studies above stated and those of our electrophysiological study.
(6) "Water response." Since PUMPHREY (1935) discovered a response to water in the tongue of the frog, and ZOTTERMAN (1949) rediscovered and named it the "water response," this phenomenon was found not only in the tongue of the chicken and the pigeon HALPERN , 1962) , of the rat (BARTOSHUK and PFAFFMANN, 1965 ; PFAFFMANN, 1955) , of the cat (LILJESTRAND and ZOTTERMAN, 1954; COHEN et al., 1955) , of the dog (LILJESTRAND and ZOTTER-MAN, 1954) , of the pig (ZOTTERMAN, 1956) , of the rabbit (ZOTTERMAN, 1956) , and of the moneky (GORDON et al., 1959) , but also in the taste receptor of the fly (WOL-BARSHT, 1957; KONISHI and ZOTTERMAN , 1963) and in the palatal organ of the carp (KONIsHI and NIWA, 1964; KONISHI and ZOTTERMAN, 1963) . On the other hand, in the pelvic fins of the tomcod, and in the finrays of the sea robin , an inhibition of the spontaneous nerve discharges (an inhibitory water response) was elicited by the application of water (BARDACH et al., 1967) .
In the present experiment, the water response was newly found in the olfactory epithelium of the bullfrog. Application of water may be a strong stimulus to the olfactory epithelium which is constantly exposed to air. The details of this response will be shown later (ARITO et al., 1978) .
On the other hand, the water response was never found in the tongue of the rat (ZOTTERMAN, 1956) , of the goat, sheep and calf (BELL and KITCHELL , 1966) , and of the human (ZOTTERMAN and DIAMANT, 1959; DIAMANT et al ., 1963) . Also, it was absent in the barbel of the catfish (BARDACH et al ., 1967) .
The present experiment disclosed that there is neigher the water response nor an inhibitory response in the olfactory epithelium of the carp which is constantly exposed to water. In this respect, the olfactory epithelium of the carp is very different in quality from that of the bullfrog .
